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SYNOPSIS The di£ferential settlement recovering of a large six storeys building by means of overloading and vertical drains is described. The results are discussed in relation with the geotechnical
characteristics of the soil and by numerical analyses of the settlement curves.

INTRODUCTION

DESIGN OF SETTLEMENT RECOVERING

A large six storeys building, built between january 1960 and june 1961 and founded on a continuous concrete slab, since the beginning of
the construction showed such important settlements that in 1973 had to be evacuated,
The foundation soil was typical o£ the town o£
Pescara which lies above a £orty meters thick
layer of recent, soft cohesive soils.
In 1974 the recovering of di£ferential settlement was tried by overloading the edges o£ the
foundation slab which had settled the less. The
process of settlement recovering was speeded up
by means of vertical sand drains, while settlements were systematically monitored.
In this paper results of the intervention are
reported and discussed mainly in relation with
the unexpected settlement behaviour of the weakest part of the foundation a£ter the overloading was removed.

Soil has been investigated by means of 2 boreholes and 4 static cone penetration tests. In
fig. 2 the pro£ile of borehole 2 together with
some geotechnical characteristics are reported.
Soil essentially consists of soft clay with an
important percentage of organic content. The
undrained shear strength down to 15 m resulted
0.3-0.4 kg/cm 2 , mainly due to the consolidation
effect of the £oundation load. This means that
before the building construction the undrained
shear strength was 0.1-0.2 kg/cm 2• Below 15 m the
shear strength slightly increases.
The profile of borehole 1 dif£ers principally
£or the presence of a sandy gravel lens between
3 and 5 mand also for a greater mean strength of
the silty clay (compare resistance profiles of
tests A and B with tests C and D).
Moreover higher organic content has been noticed
in borehole 2 (mainly between 5 and 10 m: unit
weight 1.58 t/m 3, water content 68%); this is
consistent with the existence, until a few years
before the building construction, of a stream on
the side of the building close to borehole 2.
The design of settlement recovering included the
£allowing steps:
l) installation of vertical drains with spacing
1.60 m and length 21 m. The drains were made
of a wick filled with calibrated sand and
were placed in preborings. The drain diameter
was about 10 em
2) loading different parts of the foundation
slab with sand embankments of various height
(fig. 3 and 4). The height of the embankments
was in accordance with the settlements to be
obtained and maximum height was 4.50 m

3) monitoring settlement by precision geometric

levelling of 13 points along the external perimeter of the building (fig. 3)

4) removal of the overload a£ter completion o£
Fig. 1, The Leaning Building before the
Intervention
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about 90% of the primary consolidation, which
was foreseen about 9 months after the application of the load itsel£.

Before starting the intervention the horizonta-

J.i ty of the first floor of the building was
checked and out of level of 90 em between opposite corners 4 and 5 (fig. 3) was measured, As
some recovering of settlements had been tried
during the construction itself, it was assumed
that the actual. differential settlements were
J.arger than such measured value.

borehole No 2
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2) the settlements of point 4, which had almoai
completely stopped during march and april ~
in may unexpectedly started again
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area on the loading conditions of the otheJ
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Fig. 2. a) Geotechnical Characteristics of Borehole 2. b) Plasticity Characteristics. c) Static Cor:
Penetration Tests.
Rl:SULTS

In 1976, since the settlements were under control and no dangerous condition was envisaged,
the building was declared again habi tabl.e and
inhabitants could reenter in their houses.

The drain~:~ were installed between the beginning
of august and mid october 1974; the load was ap-

plied in two steps: the first from half to the
end of october and the second one at the end of
november. After having ascertained that the settlements fol.l.owed quite promptly the application
of the J.oad, a third slight step of loading was
done in the f:ir~:~t days of march 1975.
In fig. 5 the settl.ements of 4 significant points are reported. The following remarks can be
done:

SETTLEMENT BEHAVIOUR OF POINT 4
As the unexpected rate of settlement of point ·
was not sensibly changing with time, in august
1979 a study was undertaken to explicate this
behaviour. The presence of drains led to beJ.ie·
ve that mainly secondary or delayed (aging) se·
tlements were in progress. But neither the values of secondary compression coefficients nor
the plasticity characteristics of the cl.ay cou:
justify the measured rate of settlement.

1.) at the end of june 75, i.e, eight months after the begi.nn:ing of the loading, the settlement recovered was of 35 em between the opposi. te corners 5 and 4. At that time settlements of point 5 were completely consistent
with th& forecast based on the consolidation

The calculation of the primary consolidation
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settlement gave a value of about 150 em: this
referred to an average foundation pressure of
0.91 kg/cm 2 in the area of ~oint 4 (net pressure
0.85 kg/cm 2 plus 0.06 kg/em average pressure
due to the leaning of the building).
On the basis of the consolidation coefficients
obtained from laboratory tests, it could also be
calculated that in july 74 (14.5 years after the
beginning of the construction) about 35 em of
theprimary consolidation settlement had still to
occur. This value has to be considered only as
an estimate, because of the difficulty in the
determination of reliable consolidation coefficients values. Taking into account the calculated immediate settlement of about 15 em, tentative curve as shown in fig. 6 was derived. In
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Fig. 6. Tentative Curve of the Settlement of
Point 4 versus Log Time
this curve the measured settlements from august
74 to august 79 fitted very well with the last
part of the theoretical primary consolidation.
This means that the settlements in such period
were not substantially influenced by the presence of vertical drains.
In the opinion of the writers the drains have
been effective in the area of point 4 only for
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a few months, while in the area of point 5 they
worked perfectly according to the theory. The
reason of such different behaviour has to be
sought in the higher organic content of soil on
the side of point 4, which polluted the sand of
the drains and soon reduced the permeability of
the drain itself.
Therefore on the basis of this experience the
writers do not belive advisable the use of sand
drains, at least those of small diameter, in
soils with an important percentage of organic
matter (more that 10%); under similar conditions
the use of different type of drains should be
envisaged.
In the curve of fig. 6 also an estimate of future settlement was tried; two levelling measurements in august 81 and november 83 have substantially confirmed such estimate. Settlements now
in progress are mainly secondary settlements.

3) absolute value of differential settlement
between points 4 and 5 measured in july 19j
equal to 900 mm

4) settlements records during the installatioo
of the drains and the partial overloading
the foundation

5) settlements records after completion of thE

loading phase and differential settlements
recovering until november 1983.

Such set of data did not completely reflect tl
load settlements history of the building: in
particular informations about the settlements
occured between the beginning of the construction and the eraliest measurements were missiD
Within these constraints two methods were atte
pled to enlighten the following points:
a) settlements occurred d~ring the constructio
of the building
b) tendence of the settlements in progress to
stabilised condi tio·n

OBSERVATIONAL ANALYSIS OF SETTLEMENTS
The settlements of the building were also analysed on the simple basis of the trend of the measured settlements.
To this purpose the surveying data obtained since the earliest stages of the life of the building were the subject of the numerical analyses
described in this chapter.
The data available for the analysis were the
following:

c) final settlement to be expected.
The methods used for the analysis were:

1) hyperbolic interpolation of existing data
2) graphical analysis as suggested by Asaoka

ll978)
Hyperbolic Interpolation

1) construction time of the building: from ja-

nuary 1960 to july 1961

The method consists in plotting the ratio time,
settlements versus the time.
In fig. 7 such plot has been reported for the
four most significant points {2, 4, 5, 7) locate(
at the four corners of the building. In the sa·
me figure also the relevant load-settlements
curves are plotted in the arithmetical scale.
Plots of this type may provide indications abo1
the settlements reached when surveying was staJ
ted (identified in the following as initial sei
tlements) as well as about long term settlemeni
(final or ultimate settlements).
The initial Rettlements values are the result <
a trial and error sequence in which tentative
values are assumed until all points are perfec·
tly fitting the semi hyperbolic interpolating
line since the earliest stages of the measurements.
In fact the semi-hyperbolic plot is very sensible to the initial values of settlements and
errors in the estimates result in important deviations of the relevant points •
Such procedure can easily be repeated if graphs
are computer plotted as those shown in fig. 7.

2) relative settlements records of points 1 to
8 (see fig. 3) along the perimeter of the
building from november 1962 to july 1974
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As a second result the method indicated the final settlement of the points considered: such
final settlement is expressed by the cotangent
of the slope of the interpolating line as shown
in fig. 7.
Obviously the method is approximated and may be
usefully applied only to cases where the settle
menta are large. In such cases the lack of accuracy of the method is largely compensated by
the simplicity of its application to real cases.

1000
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Fig. 7. Settlement Versus Time and Time/Settlement versus time for points 2, 4, 5, 7.

The application of the method to points 2, 4, 5,
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7, allowed a better understanding of the behaviour of the structure: in particular the following aspects were emphasised:

1) the time settlements curve is plotted in arithmetical scale

1) points 2, 5, 7, show the effect of preloading
by a marked step in the semi hyperbolic plot

2) the axis of the time is divided in regular
intervals and the corresponding settlements
are interpolated

3) the settlements at time t are then plotted

2) such step is hardly appreciated for point 4
where no overload was applied. The effect of
the presence of the drains was limited in
connection with the dissipation of the residual excess of pore pressure caused by the
weight of the building itself

versus the settlements corresponding to time
t less a given constant time.

3) the ultimate settlement is larger for point 4
than for the remaining points, in accordance
with the poorer soil characteristics of the
soil in this area,

The application of the method to the case of
points 4 and 5 is shown in fig. 8 and 9 in which
the time difference between the settlements reported in abscissae and ordinates is 360 days.
Asaoka showed that the resulting points are laying on straight lines having different inclinations. Three cases are possible:

The initial settlements estimated with the best
fit line in the semi hyperbolic plot, and the
final settlements calculated as the contangent
of the slope for the four points indicated in
fig. 6 are:

a) the interpolating line tends to intersect the
45 degrees line. In that case the settlements
tend to stabilisation the final settlement
being the one corresponding to the intersection point

point
2
4

initial
617.7
835.0
250.0
458.0

5
7

mm
mm
mm
mm

final
1820
2040
1390
1630

b) the interpolating line is diverging from the
45 degrees line. In that case load is increasing or settlements are accelerated

mm
mm
mm
mm

c) the interpolating line is parallel to the 45
degrees line. In that case settlements are
not stabilising and creep phenomena are in
progress.

These values are reasonably consistent with those derived from the geotechnical analysis illustrated in the previous chapters.
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Fig. 8. Asaoka Analysis of Point 4. The Consolidation in Progress is
Installed. Also Decreasing Efficiency of Drains is Shown

when Drains are

remarks can be done on the Asaoka plots for
points 4 and 5:

Asaoka Method
The second method that has been applied for the
analysis of the settlements has been devised by
Asaoka (1978) and is based on the graphical analysis of the trend of the settlements.
The method consists in the following steps:

1) the loading phase is evident in the plot corresponding to point 5. Such loading is also
present, although less pronounced, for point
4 which may be interpreted mainly as the effect of vertical drains on the dissipation of
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Fig. 9. Asaoka Analysis of Point.~Influence of Vertical Drains and Overloading. Transition to Secondary Settlements not disturbed. Extrapolation of final settlement
the residual excess pore pressure due to the
weight of the building. Subsequentely also
the effect of the adjacent loaded areas may
have had some influence
2) after the loading phase the interpolating line sharphy converges to the 45 degress line
for point 5. This trend is associated with a
good efficiency of the vertical drains
3) while such consolidation line is very well
defined for point 5, it shows some disturbance for point 4 confirming the doubts about
the efficiency of the drains in this area
where higher organic contents were encountered
4) after removal of the overload the interpolating lines both for points 4 and 5 show that
some settlements, progressing at much lower
rate, are in progress. These settlements are
to be associated with long term secondary
consolidation effects.

stantially the recovered differential settlemeni
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The last statement confirms the trend evidenced
by the semi hyperbolic analysis. Therefore in
order to have also a numerical confirmation of
this effect the ultimate settlements found for
points 4 and 5 have been introduced into the
Asaoka plots.
A line interpolating the Asaoka plots and intersecting the 45 degrees line seems to be quite
satisfactory prooving the consistency of the results obtained with the two methods.

CONCLUSIONS
The attempted recovering of differential settlements by means of vertical drains and overloading was successful
The unexpected settlement behaviour of the part
of the foundation wich had settled the most before the intervention has to be related to the only
temporary efficiency of the drains in such area.
The settlements now in progress are mainly of
secondary type and are such not to affect sub92
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